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Abstract 
A linear cascade has been geometrically scaled according to the similarity theory, a series of three dimensional numerical 
simulations are conducted on these geometric similar cascades with the CFD software. The differences of the aerodynamic 
performance between the original and the scaled linear cascades are investigated in details. The result shows that with the 
increasing of linear cascade size, the shape factor decreases at the same relative arc length position and the location of separation 
point moves towards trailing edge, resulting in the total pressure loss coefficient decreases and the static pressure raises 
coefficient increases. 
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1. Introduction 
Internal flow of turbomachinery is a very complicated three-dimensional and viscosity physical process. It is 
known that it is impossible to get the analytical solution of the viscous partial differential equation. For example, 
inside the flow with high Reynolds number, viscous effect is limited to the very thin flow layers away from the wall.  
These thin layers are called “boundary layers”. The flow internal the thin layers can approximately be predicted by 
simplified boundary layer equations, while the flow external the thin layers can also be treated as inviscid ideal fluid. 
The boundary layer equations solutions depend on the solutions of inviscid flow outside the boundary layer, and the 
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boundary layer equations calculations can revise the viscous flow result in return. Therefore the correct data should 
be the result of the two methods in an iterative process [1]. 
The boundary layer theory is an efficient tool to study the viscous flow in turbomachinery [1]. For example it can 
be applied to study the aerodynamic loss mechanism of the turbomachinery and assess the quality of blade design. 
Due to the fluid viscosity , the velocity changes very rapidly inside the boundary layer, and the velocity increases 
from zero at the wall to We in the small boundary layer distance, while We is the inviscid velocity at the boundary 
edge. Therefore, the blade wall friction stress to the fluid particles isn’t neglected. The normal velocity gradient at 
the wall is zero for the ideal fluid, therefore it doesn’t exist the blade wall friction stresses to the fluid. Thus it can be 
seen, the boundary layer theory will be applied to discuss the loss law of flow in turbomachinery, resulting in the 
improvement of turbomachinery performance [1, 4, 6]. 
Geometric scaling makes it difficult to keep compressors all the same, such as the radial clearance will meet 
many difficulties when scaling. The efficiency and other performances of many scaled compressors are lower than 
the full scale compressor, and one of the important reasons is that the scaled doesn’t guarantee the geometric 
similarity strictly [7]. It’s also hard to ensure the boundary layer similarity during the geometric scaling due to the 
effect of boundary layer, that is to say, it is very difficult to keep the flow filed similarity. There are boundary layers 
on the blade surface because of the fluid viscosity, so that there are always friction losses of gas inside boundary 
layer. When the flow along suction surface and pressure surface is separate to the blade trailing edge, both of the 
boundary layers mix together become the blade wake which cause prodigious loss. The wake loss decreases the 
efficiency of the compressor. Hence, geometric scaling for compressors isn’t similarity completely according to the 
similarity theory, which influences the aerodynamic performance of compressors. 
The flow in a linear cascade is relatively simpler than the complex flow in a real compressor, which makes it 
easier to analyze the flow in linear cascade and calculate boundary layer on blade surfaces. Therefore a series of 
geometric scaled cascades are chosen to research the influence of geometric scaling on aerodynamic performance of 
the compressor. The influences of geometric scaling on aerodynamic performance of the cascade and flow in the 
cascade are studied in this paper. 
 
Nomenclature 
c          chord length                                                                   βst            stagger angle 
h          blade span                                                                      δ              boundary layer thickness 
H         boundary layer shape factor, δ*/δ**                             δ*             boundary layer displacement thickness 
 i          incidence                                                                       θ, δ**       boundary layer momentum thickness  
 M        mach number                                                                δ***         boundary layer energy thickness 
 p         static pressure                                                                μ               dynamic viscosity 
 p*        total pressure                                                                ρ               density 
Δp        p2-p1,                                                                             τw              wall shear stress 
q           dynamic pressure                                                                      total pressure loss coeffic ient 
Re,c     Reynolds number, ρVc / μ                                             Subscripts 
Re,δ     Reynolds number, ρWeδ / μ                                           1               inlet 
Re,θ     Reynolds number, ρWeθ / μ                                           2               outlet 
S           relative arc length along the suction surface 
t            pitch 
V          inlet velocity 
We        velocity at the outer edge of boundary layer 
 Xb        axial position of boundary layer  separation point 
 
 β          flow angle 
 βk            inlet blade metal angle 
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2. Research Methodology  
A cascade with 50mm-long chord is selected as the datum cascade and then geometric scaled according to 
similarity theory to get a series of geometric similar linear cascades. Numerical simulation is conducted to acquire 
the aerodynamic performance and flow field of the datum and scaled cascades with the application of software 
Numeca. The turbulent model Spalart-Allmaras is adopted during numerical calculations and the central difference 
scheme is adopted among space discrete formats. The geometric parameters and geometry are separately shown in 
table 1 and Figure. 1[2, 10, 11]. 
Table 1.  Geometric parameters of the datum linear cascade 
Parameter Value 
Airfoils Controlled Diffusion Airfoil (CDA) 
Pitch/mm 34 
Chord/mm 50 
Blade span/mm 125 
Stagger angle/(°) 42 
Soldity 1.47 
Inlet mach number 0.62 
Incidence/(°) 0 
Inlet blade metal angel/(°) 45 
Re,c 7.00E+05 
The computational grids are generated using the IGG/Autogrid module. The grid topology is HOH in order to 
obtain better grid quality. The computational grids are shown in Fig. 2. The boundary conditions at upper and lower 
surfaces of computational field are set as mirror condition eliminating the impact of hub and shroud walls. The flow 
is 2-D in this paper which makes it convenient to compare and analyze the results of numerical simulation. The grid 
points are uniform distributed in spanwise direction. Boundary layers only form on blade surfaces. All of the 
boundary layer thicknesses which will be mentioned in the following article are boundary layer thickness on the 
blade surface [12]. 
Total pressure P1*, total temperature T1* and the direction of velocity are given for the inlet boundary condition. 
Mass flow rate is given for the outlet boundary condition. 
 
         Fig. 1. Geometry of linear cascade                          Fig. 2. Computational grids 
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3. Influence of grids on numerical simulation 
The complexity of fluid flow inside turbomachinery puts forward high requirement for the calculation ability of 
numerical software to exactly analyze the result of numerical simulation. The simulation capacity of professional 
software for three-dimensional flow has been greatly promoted in recent years. Improvement in turbulent model, 
time/space marching method, rotor/stator interface and other aspects achieve accurate simulation on internal flow of 
turbomachinery [9]. The computing ability of commercial software Numeca is outstanding, which can accomplish 
simulation of flow field in fans/compressors and turbine engine etc. The result comparison between the numerical 
simulation of different fans/ compressors and experiment showed that computational accuracy of the software could 
satisfy the engineering requirement [9]. 
The computational grid is a main factor that affects accuracy of the numerical simulation result during the 
numerical simulation process. In order to eliminate the impact of grids, the computational grid which satisfied the 
independence grid must be found. 
3.1. Influence of grids number along blade span on numerical simulation 
The datum cascade is selected as the computational model. Two groups of computational grids with different grid 
points in spanwise direction are used for simulation. One of them has 29 grid points in spanwise direction, the other 
has 57 grid points. Other parameters of these two meshes are the same. The distribution of total pressure loss 
coefficient along blade span is a straight line because the impacts of boundary layers on the hub and shroud walls 
aren’t considered and the grids are uniform distributed along blade span. The results of different grids along blade 
span are the same and both the total pressure loss coefficients were 0.02971. Therefore, it is almost no effect on the 
result when changing the number of grid points along blade span only and keeping all the other parameters the same. 
3.2. Influence of different grids number on numerical simulation  
A cascade with 25mm-long chord is selected as the computational model. Four groups of computational grids, 
named A, B, C, D, with the same topology and increasing grid points are used. The grid point numbers of the four 
meshes are 82467, 418035, 1012003and 1386847. Several boundary layer parameters are calculated to figure out the 
influence of grid point numbers. They are displacement thickness, momentum thickness, and shape factor. The 
distributions of these parameters along blade suction surface are shown in Figure. 3. And these parameters are 
defined by following equations. 
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                                        (a)                                                        (b) 
    
                             (c)                                                            (d) 
Fig.3. Effect of mesh number on the solution 
As shown in Figure. 3 (a) ~ (c), three boundary layer thicknesses at the same relative arc length position 
decreased with the grid point number increasing from A to D. The distributions of these boundary layer parameters 
along suction surface change so little to be negligible when the grid point number increases from C to D. It can be 
seen that the grid point number affects the result of numerical simulation until it increases to a certain number. Then 
the result changed a little enough to be negligible which meant that the so-called independent grids were achieved. 
The impact of grid is removed. The comparison and analysis on aerodynamic performance of different linear 
cascades followed in the paper are all under the independence grids condition. 
4. Analysis and results of numerical simulation 
4.1. Static pressure rise coefficient of blade surface  
(1) Definition of the static pressure rise coefficient 
The blade profile loss of linear cascade consists of three parts: the friction loss of flow in boundary layer on blade 
surface, the separation loss of boundary layer under the effect of adverse pressure gradient, and the wake loss of the 
boundary layer on suction surface and pressure surface mixing together at the trailing edge. The distribution of 
pressure along the blade profile surface observably affects blade profile loss. 
The static pressure rise coefficient is defined as follow:  
                                                               
୼୮
୯ ൌ
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                                                                                                                                       (4) 
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(2) The static pressure rise coefficient of different linear cascades with geometrical similar 
Distribution of pressure along the blade profile surface has an observably effect on the flow regime of boundary 
layer on the blade profile surface and position of boundary layer separation point on the blade surface. There is a 
diffusion area in blade passage. Fluid suffers an adverse pressure gradient along flow direction in the diffusion area 
which makes the boundary thicker or separated on suction surface. 
The Influence of geometric scaling on static pressure rise coefficient is shown in figure 4. The vertical is mass 
flow weighted averaged static pressure rise coefficient while the abscissa is scale factor. The scale factor Kl is 
defined as the chord ratio of the scaled cascade and datum cascade. The scaled factor Kl are given 1/2, 1,2,4,6 
respectively in the paper, that is to say, the cascade chords are 25, 50,100,200 and 300 millimeter respectively. It can 
be seen from figure 4 that the static pressure rise coefficient increased intensely with changed from 1/2 to1, and 
increase smoothly with Kl  changed from 1to 6. Therefore, the static pressure rise coefficient increases with the 
rising of the cascades size, and the changes will be more intensely in cascades with smaller sizes, while cascades 
with larger size the changes turn out to be much more relatively smooth. 
 
                                  
                       Fig.4 Static pressure rise coefficient at different  scale  factor           Fig.5 Total pressure loss coefficient at different  scale  factor              
4.2. Outlet total pressure loss coefficient of cascade  
(1) Definition of total pressure loss coefficient  
In calculations, the compressor blade cascade total pressure loss coefficient is defined as: 
                                                                                                                                                                 
ɘഥ ൌ ୮భכି୮మכ୮భכି୮భ                                                                                                                                                                      (5) 
In above equation, P1* is the inlet total pressure, p2* is the outlet total pressure, p1 is the inlet static pressure. 
(2) The outlet total pressure loss coefficient of cascades with geometric similarity and different size. 
The total pressure loss of stationary cascades usually can be divided into blade profile loss and secondary flow 
loss. There is no secondary flow for the cascades in this paper so the loss of the cascades is blade profile loss. The 
blade profile is closely related to boundary layer thickness on blade surface. Boundary layer thicknesses on the blade 
surface of different size cascades are different. The variation trends of total pressure loss coefficient of different 
cascades are shown in Figure. 5.  
In Figure. 5, it can be seen that the exit total pressure loss coefficient decreased with the increasing of scale factor, 
where it decreases obviously and the absolute deviation is -0.6% with the scale factor changing from 1/2 to 1. As for 
the scale factor changing from 1 to 6, the total pressure loss coefficient decreases smoothly from 0.029 to 0.022 with 
the absolute deviation of -0.7%. 
4.3. Location of the boundary layer separation point on the blade suction surface 
The position of the boundary layer separation is called the separation point. The separation point is defined as the 
point where the wall shear stress vanishes. And for the turbulent boundary layer, the separation point can be 
predicted by the shape factor [8]. The range of shape factor above where the boundary layer begins to separate is 1.8-
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2.6[8]. The location of separation points on the blade suction surface of different scale factor were shown in Figure. 6. 
It can be seen in Figure. 6, the location of separation point was closer to trailing edge with the increase of scale 
factor, in corresponding to the conclusion that the total pressure loss coefficient decreased with the increase of scale 
factor. 
 
 
            Fig. 6. Separation point coordinates of suction side at different scale factor 
5. Influence of geometric scaling on boundary layer 
A series of geometric similar cascades with different scale factors are selected as research objects. The scale 
factors are 0.5, 1, 2, 4, 6 and the chords of these cascades are 25mm, 50mm, 100mm, 200mm and 300mm. The 
distribution along suction surface of some boundary layer parameters such as boundary layer thickness, shape factor , 
location of separation point are shown in Fig. 7, where S denotes relative arc length of suction surface. 
  
(a)                                                                  (b) 
 
                                                                      (c)                                                                 (d) 
Fig.7. Results of numerical simulation at different geometry 
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In Figure. 7 (a) ~ (c), the non dimensional boundary layer thickness of different chord cascades at the same 
relative arc length position aren’t equal. However, all these three thickness parameters at the same relative arc length 
position decrease when scale factor increases from 0.5 to 6.It is indicated that boundary layer thicknesses on the 
blade surface don’t increase or decrease proportional to the scale factor. That is to say, it can promise geometric 
similar when geometric scaling but it is hard to keep flow field similar. 
From the changes of shape factors in Figure. 7(d), it can be seen that the variation tendency of shape factors 
along blade suction surface are the same for geometric similar cascades, but shape factors at the same relative 
position are smaller with the larger cascades size.  
6. Conclusion  
In this paper, a series of three-dimensional numerical simulation and comparison analysis of different scale 
factors linear cascades are conducted and get the following conclusions: 
x The grid point number affects the simulation result. There is a certain grid point number above which the 
influence can be negligible with the same boundary conditions and constant wall cell with. 
x Geometric scaling can ensure the geometric similar, but it is difficult to ensure the flow field similar because of 
the influence of boundary layer. Therefore, geometric scaling can’t satisfy the similarity theory strictly, which 
has some influence on aerodynamic performance. 
x Geometric scaling has great influences on the performance of linear cascade. As for geometric similar linear 
cascades, the total pressure loss coefficient decreases and the static pressure raise coefficient increases with the 
increasing of the scale factor. 
x Geometric scaling has influences on the boundary layer thickness on the blade surface and the position of 
boundary layer separation point. As for geometric similar cascades, the boundary layer thicknesses on blade 
surface aren’t changing proportion to the scale factor. The shape factor decreases and the location of boundary 
layer separation point are closer to the trailing edge with the increasing of size. 
In this paper, the influence of geometric scaling on aerodynamic performance of linear cascades were studied 
through numerical simulation and the changing rule of the boundary layer thicknesses were compared, which can 
provide technical reference for compressor design. 
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